Silicone models of cerebral aneurysms are used for evaluation of devices, training, or hemodynamic studies. We report preoperative simulations of endovascular treatment for a case with an unruptured wide-neck aneurysm of the anterior communicating artery using a patient-specific silicone model. Using a rapid prototyping system, we created a silicone model based on the vascular image obtained by three-dimensional rotational angiogram. The aneurysm and vessels formed a cavity in the silicone block model. We performed endovascular simulations using several difference devices and attempted possible methods for coil embolization. We designed treatment strategies based on the simulations and performed balloon-assisted coil embolization of the aneurysm. The simulations were especially useful in navigation of a microcatheter by planning the shape of its tip beforehand. There was one significant difference between the silicone model simulations and actual treatment: the shape of the vessel in the silicone block model was not changed by insertion of a catheter or guidewire. This is the first study to describe preoperative endovascular simulations using a patient-specific silicone model. Our methods of creating a patient-specific model are relatively simple and easy. Although this is a single case, we demonstrate that the simulations are feasible and helpful for designing a treatment strategy and safe manipulation of endovascular devices by experiencing their behavior before actual treatment.
Introduction
Silicone models of cerebral aneurysms are used for evaluation of devices, training, or hemodynamic studies. Patient-specific vascular silicone models are made using cadaver specimens 3, 6, 9) or three-dimensional (3D) vascular images of patients. 1,7,11) Kimura et al. 7) described preoperative simulations for cerebral aneurysm clipping with 3D models. We report, for the first time, preoperative endovascular simulations for cerebral aneurysms using a patientspecific silicone model.
Methods
A 72-year-old man was referred to our hospital because of an incidentally found unruptured aneurysm of the anterior communicating artery. We planned coil embolization, which was difficult because of the wide neck, tortuous access routes, and the hypoplastic right A 1 segment (Fig. 1) . A 3D image of the patient was obtained by 3D rotational angiography (Philips Healthcare, Best, The Netherlands). The 3D image was reconstructed by engineering design software, 3-matic (Materialise NV, Leuven, Belgium). Small branches, such as the ophthalmic artery and the posterior communicating artery, were removed. The 3D image consisted of the aneurysm, the internal carotid artery (ICA) from the petrous portion, the M 1 segment of the middle cerebral artery, the anterior communicating artery, and the bilateral A 2 segments of the anterior cerebral artery. Based on the reconstructed image, a 3D real-scale model of the aneurysm was created with acrylate photopolymer using a rapid prototyping system (Vision Realizer RVS-G1; Real Vision Systems Inc., Kawasaki, Kanagawa). The aneurysm model was placed in a rectangular solid box and silicone was filled in the box. After the silicone was solidified, the acryl inside the silicone block was removed. The silicone block model of the aneurysm was then created (Fig.  2A) . The aneurysm and vessels formed a cavity in the silicone model. Creating this model cost approximately 600 United States dollars. A tube was connected with an inlet of the silicone model (Fig. 2B) . Using this silicone model, preoperative simulations were performed macroscopically (Fig. 2C) . The vessels of the model and the tube were filled with water with some surfactant to reduce frictional resistance. We performed preoperative endovascular simulations using several different devices and attempted possible methods for coil embolization (Fig. 2D-F) .
Results
It took approximately 2 weeks to create the silicone model and perform the simulations. The simulations suggested the following: a balloon-or stent-assisted technique was essential; a guiding catheter should be placed around the petrous portion of the ICA for easy manipulation of a microguidewire; and an Sshaped microcatheter could be easily navigated into the right A 2 segment. Considering these points, we designed a treatment strategy as follows. First, balloon-assisted coil embolization would be attempted. If this was not successful, stent-assisted coil embolization would be performed. Second, triple coaxial systems would be used to place guiding catheters at the petrous portion of the ICA. Third, to insert a balloon into the right A 2 segment, an S-shaped microcatheter would be first inserted into the right A 2 segment. A balloon or another microcatheter for stent placement would then be navigated in parallel with the first microcatheter, or an exchange technique would be performed using a 300-cm microguidewire.
Based on the treatment strategy, we performed balloon-assisted coil embolization for the aneurysm (Fig. 3) . Because we performed simulations using a silicone model, we could easily navigate an S-shaped microcatheter into the right A 2 segment. The vessel from the left A 1 to the right A 2 was straightened by the insertion of the microcatheter (Fig. 3A, B) , which had not been observed in the silicone block model. Because of this straightening of the vessel, a balloon was easily navigated into the right A 2 . A 7 mm × 30 cm ED14 coil (Kaneka Medix, Osaka) was first inserted in the aneurysm with balloon assist (Fig. 3C ). In total, seven coils were inserted in the aneurysm (Fig. 3D ). There was little discrepancy regarding manipulations of devices and motion of coils between the simulations and the actual treatment, including frictional resistance. However, there was one significant difference between the silicone model simulations and actual treatment: the shape of the vessel in the silicone block model was not changed by insertion of a catheter or guidewire. The patient was discharged with an uneventful postoperative course.
Discussion
Most patient-specific vascular models have been used for development or evaluation of endovascular devices, training, or hemodynamic studies. 2,4,5,9,10,12) Kimura et al. 7) described preoperative simulations for cerebral aneurysm clipping with 3D models. Although this is a single case, we demonstrated that preoperative endovascular simulations using patient-specific vascular models are also feasible and helpful for designing a treatment strategy and may reduce the risk of complications. In addition, our methods of creating a patient-specific model are relatively simple and easy. Because we were able to attempt many different procedures and use different devices in the silicone model, we could choose appropriate devices and methods for treatments. If this had not been the case, we might have had to attempt several devices or methods in actual treatment, which might have increased the risk of complications. In addition, by repeating the simulations, we could obtain a 3D image of vessels and the aneurysm Fig. 2 Preoperative simulations using a patient-specific silicone model. A: A silicone block model is made. The aneurysm and vessels formed a cavity in the silicone model. The vessels consist of the internal carotid artery from the petrous portion, the M 1 portion of the left middle cerebral artery, and the left A 1 and bilateral A 2 segments of the anterior cerebral artery. B: The inlet of the silicone model was connected with a tube. C: Using this silicone model, preoperative simulations were performed macroscopically. D: A 6F catheter was placed at the petrous portion (black arrow). First, we attempted to navigate a 4 mm × 7 mm HyperForm balloon (ev3 Neurovascular, Irvine, California, USA) into the right A 2 segment over a 0.010'' microguidewire (X-pedion; ev3 Neurovascular), but this failed. We then tried to navigate an SL-10 microcatheter (Stryker Neurovascular, Fremont, California, USA) (white arrow) into the right A 2 segment (red arrow) over a 0.014'' microguidewire. This was also impossible because of the sharp angle from the left A 1 segment to the right A 2 segment. E: We then placed the microcatheter in the aneurysm and inserted a 7 mm × 30 cm ED14 coil (Kaneka Medix, Osaka) without any assist device, such as a balloon. The coil protruded into the parent vessel (arrow). Even if we changed the size and type of coils, the coils always protruded into the parent vessel. This trial suggested that balloon-or stent-assist were essential. F: Finally, we found that an SL-10 microcatheter with an S-shape was easily navigated into the right A 2 segment over a 0.014'' microguidewire. Another microcatheter was placed in the aneurysm. The same ED14 coil was inserted with a catheter assist. The catheter placed in the right A 2 segment could prevent coil protrusion into the parent vessel (arrow). We retrieved the coil without detaching because detached coils were difficult to retrieve and observing the movement of insertion of the first coil was sufficient for designing a treatment strategy.
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Preoperative Endovascular Simulations Using a Silicone Model and experience appropriate and safe handling of devices. The silicone model could also be used to perform challenging methods, which might not be performed in actual treatment.
Ohta et al. 8) developed poly-vinyl alcohol hydrogel vascular models with low surface friction for in vitro simulations because silicone models have high frictional resistance. However, we did not observe any significant differences in manipulations of devices and motion of coils regarding frictional resistance because the use of surfactant reduced frictional resistance of the silicone model. If the frictional resistance of a silicone model is lower than in vivo, a framing coil in the silicone model would be likely to protrude into a parent vessel and vice versa. To clarify whether there are clinically significant differences in the motion of coils between in silicone models and in vivo, it is necessary to measure frictional resistance or perform many more simulations. The most significant differences between the simulations and actual treatment were related to elasticity of the vessel. In our silicone model, the shape of the vessel was not changed by insertion of a microguidewire. However, in actual treatment, the vessel was stretched by insertion of a microguidewire. A silicone model with a thin vessel wall 1, 7) may be changed in shape by insertion of devices. However, it is difficult to represent the elasticity of . We performed balloon-assisted coil embolization for the aneurysm. Under general anesthesia, two 7F catheters were anchored at the origin of the left internal carotid artery (ICA) by the bilateral femoral routes. Next, 4F and 5F catheters were placed at the petrous portion of the ICA through each 7F catheter. We constructed this triple coaxial system to overcome the tortuosity of the ICA. B: An SL-10 microcatheter with an S-shape (Stryker Neurovascular, Fremont, California, USA) was navigated into the right A 2 over a 0.014'' microguidewire. Because we performed simulations using a silicone model, we could easily navigate the microcatheter using this S-shape. The vessel from the left A 1 to the right A 2 was straightened by the insertion of the microcatheter (arrow), which had not been observed in the silicone block model. Because of this straightening of the vessel, a 4 mm × 7 mm HyperForm balloon (ev3 Neurovascular, Irvine, California, USA) was easily navigated into the right A 2 with an X-pedion microguidewire (ev3 Neurovascular). After navigation of the balloon, the microcatheter was pulled back and navigated into the aneurysm. C: A 7 mm × 30 cm ED14 coil (Kaneka Medix, Osaka) was first inserted in the aneurysm with balloon assist. D: In total, seven coils were inserted in the aneurysm. The final angiogram after treatment showed the patency of the parent vessels, although half a loop of a coil protruded in the anterior communicating artery (arrow). The patient was discharged with an uneventful postoperative course. Follow-up angiogram after 6 months showed no recanalization.
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the vessel walls of a patient in a silicone model because vessel walls have different elasticity in each region because of wall thickness, atherosclerotic changes, or surrounding tissues, such as bones. In addition, creating of a silicone model with a thin vessel wall needs more complicated procedures compared with our methods.
We cannot perform simulations for emergent cases, such as ruptured aneurysms because it takes approximately 2 weeks to create a patient-specific silicone model and perform sufficient simulations. In addition, the cost of creating a model is high for routine or frequent preoperative simulations. Therefore, it is necessary to select cases of unruptured aneurysms, which are difficult to treat.
Although this is a single case, we demonstrate that preoperative endovascular simulations using a patient-specific silicone model are feasible and beneficial for designing a treatment strategy. These simulations can reduce the amount of ineffective trials, such as insertion of catheters with an inappropriate shape and may increase the safety of treatments. Many more cases are necessary to elucidate clinical efficacy of this type of simulation.
